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Abstract.  Substituted  1 , 3-disilacyclobutanes  were  studied  as  potential  low 
temperature  single-source  CVD  precursors  to  silicon  carbide.  These  studies 
were  carried  out  in  a  cold-wall  LPCVD  system  maintained  at  a  total  reactor 
pressure  of  1.0  Torr  using  a  mass  flow  controlled  argon  carrier  gas.  The 
precursor  was  decomposed  on  resistively  heated  Si (100)  substrates  at 
temperatures  ranging  from  700°C  -  1100'C.  Gas  chromatography-Fourier 
transform  infrared  spectroscopy  and  quadrupole  mass  spectrometry  were  used 
to  identify  the  volatile  pyrolysis  byproducts  from  each  precursor.  The 
decomposition  onset  temperature  was  separately  determined  for  each  precursor 
by  monitoring  the  major  pyrolysis  byproducts,  by  using  quadrupole  mass 
spectrometry,  while  slowly  Increasing  the  substrate  temperature.  Scanning 
and  transmission  electron  microscopy  were  used  to  determine  the  cross- 
sectional  and  surface  morphology  and  also  the  deposition  rate,  which  ranged 
from  ca. 0.035  pm/h  to  12.0  pm/h. 


1.0  Introduction 


Research  on  the  development  of  silicon  carbide  as  a  high  temperature  and 

high  power  semiconductor  is  continuing  to  gain  momentum  internationally.1*2 
With  the  onset  of  commercially  available  6H-S1C  1"  wafers  and  the 

demonstration  of  blue  LED  operation  at  350°C,3  it  is  evident  that  this 
technology  will  continue  to  develop  as  a  viable  source  of  semiconductor 
material  for  electronic  device  manufacture.  A  critical  aspect  of  successful 
device  manufacture  is  the  ability  to  consistently  produce  high  quality 
epitaxial  layers.  Stoichiometry  control  is  typically  accomplished  with  the 
use  of  separate  mass  flow  controlled  source  gases,  one  for  Si  and  another 
for  C.  Although  there  have  been  some  reports  of  single-source  precursors  to 
SIC,  a  flow  of  hydrogen  is  usually  required  for  efficient  removal  of  excess 
carbon  or  chlorine,  in  the  case  of  chlorocarbosi lanes,  and  substrate 

temperatures  typically  exceed  1100°C. 

Alternatively,  we  have  undertaken  a  systematic  study  of  various 
derivatives  of  1 , 3-disilacyclobutane  as  a  single-source  CVD  precursor  to 
silicon  carbide.  These  compounds  have  been  shown  to  produce  stoichiometric 
SiC  in  an  inert  atmosphere  of  argon  at  a  relatively  low  deposition 
temperature  (  as  low  as  850°C).4  The  correct  SiC  stoichiometry  is 
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"designed"  into  the  four-membered  -(SiC)2-  ring  structure,  which  contains  a 
considerable  amount  of  ring-strain  and  aids  in  obtaining  a  relatively  low 
decomposition  temperature.  Upon  decomposition,  this  ring  opens  with  the 
possible  formation  of  reactive  species,  where  both  the  silicon  and  carbon 
can  serve  as  reactive  atomic  centers.  This  assists  in  the  incorporation  of 
both  the  silicon  and  carbon  into  the  growing  film,  thereby  utilizing  more 
effectively  both  the  Si  and  C  of  the  disilacyclobutane  ring.  We  report  here 
on  selected  aspects  of  this  investigation  of  disilacyclobutane,  and 
derivatives  thereof,  which  includes  a  description  of  the  molecular 
structures  for  each  derivative,  pyrolysis  byproducts  detected  by  GCFTIR  and 
QMS,  and  film  analysis  by  SEX,  TEX,  and  FTIR. 


2.0  Experimental 

The  disilacyclobutane  derivatives  I,  II,  and  III  were  chemically  synthesized 

either  by  directly  using  known  literature  preparations5-8  or  modifications 
thereof.  Each  compound  was  purified  by  fractional  distillation  at 
atmospheric  or  reduced  pressure,  in  a  nitrogen  environment.  The  purified 

compounds  were  characterized  by  using  1H,  29Si,  and  13C  Fourier  transform 
NMR  (FTNMR);  FT  Infrared  spectroscopy  (FTIR);  and  quadrupole  mass 
spectrometry  (QMS).  All  three  compounds  are  colorless  liquids  which  are 
non-pyrophoric,  but  slowly  oxidize  when  exposed  to  oxygen. 

A  schematic  of  the  all  stainless,  turbo-pumped,  cold-wall,  hot-stage, 
low  pressure  CVD  (LPCVD)  apparatus  that  was  used  in  the  pyrolysis  studies  of 
these  compounds  is  shown  in  Figure  1.  Attached  to  the  LPCVD  apparatus  is  a 
QMS  system  which  aided  in  the  determination  of  the  initial  decomposition 
(onset)  temperature  for  each  compound,  as  described  previously.9  For  this 
determination,  the  mass  peaks  (m/e)  which  are  characteristic  of  initial 
precursor  decomposition  (methane  m/e  =  15,  16;  hydrogen  m/e  =  2,  as 
determined  in  preliminary  experiments)  were  monitored  as  the  silicon 
substrates  were  slowly  heated  from  room  temperature. 

The  substrates  (silicon  wafer  sections)  were  resistively  heated  via  a 
DC  current.  The  "as  received"  Si(lOO)  substrates  (Wacker  Siltronic  Co.; 
p=l.l  8  cm;  p-type;  525  fim  thick)  were  scored  on  the  unpolished  face  and 
then  cleaved  into  1.4  cm  X  6.5  cm  rectangular  shaped  pieces.  Typically,  two 
to  three  pieces  were  then  connected  in  a  series  circuit  by  using  tungsten 
clips  and  tantalum  leads  and  subsequently  loaded  into  the  stainless  steel 
reactor.  A  current-limited  DC  power  supply  used  as  the  power  source  to 
resistively  heat  the  silicon  and  maintain  the  surface  at  temperatures 

ranging  between  650°C-1150oC.  The  substrate  surface  temperature  was 
determined  by  using  the  combination  of  an  optical  pyrometer  and  a  previously 
calibrated  thermocouple  fastened  to  the  silicon  substrate. 

Prior  to  each  experiment,  the  entire  LPCVD  system  was  evacuated  and 

backfilled  using  purified  argon.  A  base  pressure  of  ca.  5  X  10-8  Torr  was 
reproducibly  achieved  with  the  apparatus  walls  maintained  at  80°C  and  the 
silicon  substrates  at  >  800®C. 

The  volatile  byproducts  were  condensed  in  a  stainless  steel,  liquid-N2 


cooled  trap,  located  downstream  of  the  heated  substrates,  for  later  analysis 
by  using  Gas  Chroma tography-FT I R  (Perkln-Elmer  1800  FTIR  with  an  MCT 
detector;  Varian  1500  GC  using  a  VZ-10  column). 

The  resulting  silicon  carbide  coated  Si (100)  pieces  were  analyzed  for 
residual  Si-H  and  C-H  absorptions,  indicative  of  partial  decomposition  of 
the  precursor,  by  using  FTIR  in  both  the  specular  reflectance  and 
transmission  mode.  An  uncoated,  unheated  Si (100)  piece  was  used  for 
background  subtraction. 

Scanning  electron  microscopy  was  routinely  used  to  examine  the  surface 
morphology  of  the  deposited  SiC  films,  whereas  cleaved  SiC/Si (100)  samples 
were  used  to  determine  the  film  thicknesses  and  cross  sectional 
morphologies.  TEM  was  also  employed  to  examine  the  SiC-film/Si(100) 
interface  of  a  thin  film  (ca.  80  nm)  which  resulted  from  the  decomposition 
of  precursor  (I)  at  the  previously  reported9  deposition  onset  temperature 
(755°C) . 


3.0  Results  And  Discussion 
Chemical  Structure  of  Precursors: 

The  molecular  structure  for  1 , 3-disilacyclobutane  (III)  and  for  the 
derivatives  (I)  and  (II)  are  shown  in  Figure  2.  In  particular,  note  the 
four-membered  -(SiC)2-  "core-structure"  common  to  all  three  of  the 
precursors.  This  four-membered  ring  is  of  particular  interest  because  of 
1).  the  1:1:  : Si : C  stoichiometry  "designed"  into  the  ring  structure  2).  the 
significant  amount  of  ring  strain  energy  contained  in  the  ring  3).  the 
availability  of  both  Si  and  C  as  very  reactive  centers,  as  a  result  of  ring 
opening  upon  precursor  decomposition. 

The  correct  Sl/C  ratio  for  SiC  is  designed  into  the  four-membered  ring, 
which  potentially  eliminates  the  requirement  for  stoichiometry  control 
through  the  use  of  mass  flow  controllers.  By  choosing  both  the  proper 
substituents  contalued  on  the  four-membered  ring  (i.e.  methyl,  hydrogen, 
chloro,  etc.),  which  can  be  eliminated  under  the  appropriate  deposition 
conditions  (e.g.,  methyl  eliminated  as  methane),  it  is  possible  to  produce 

stoichiometric  SiC  films.4*9  The  relatively  lower  decomposition 

temperatures  associated  with  the  disilacyclobutanes  is,  in  part,  related  to 
the  strain  contained  in  the  four-membered  ring.  This  ring  strain  arises 
because  the  four  atoms  contained  in  the  ring  are  forced  to  adopt  bond  angles 
smaller,  and  therefore  less  stable,  than  the  tetrahedral  (109.5°)  bond 
angle.  For  example,  the  ring  strain  energy  has  been  calculated  for  the 
tetra-methyl  substituted  disilacyclobutane  derivative  as  24.6  ±  2.6 

Kcal/mol . 10 

The  remaining  important  feature  of  this  class  of  compounds  is  the 
reactivity  of  both  the  Si  and  C  atoms  contained  in  the  ring.  Results  of 

work  by  Auner,  et  al.u  have  indicated  that  the  disilacyclobutane  ring  can 
thermally  decompose  to  yield  reactive  intermediate  fragments  such  as  the 

jr-bonded  silene  (R2Si=CH2) 11,12  and  the  dlradical  species,  silylene 
(R^l— ^CH2).  In  both  cases  the  Si  and  C  atomic  centers  are  reactive,  which 


aids  In  the  incorporation  of  both  the  Si  and  C  into  the  growing  film.  This 
helps  to  preserve  the  stoichiometry  designed  into  the  -(SiCH2)2-  four- 
membered  ring  structure. 

Pyrolysis  Byproducts: 

Each  compound  was  separately  used  as  a  LPCVD  precursor  in  a  set  of  similar 
experiments.  After  each  set  of  experiments,  involving  one  of  the  three 
precursors  and  carried  out  at  different  deposition  temperatures,  the 
byproducts  that  had  condensed  in  the  L-N2  cooled  trap  (downstream  of  the 

reactor)  were  analyzed  by  GCFTIR.  The  non-condensable  byproducts  were 
analyzed  during  the  course  of  the  LPCVD  experiment  by  using  the  QMS.  The 
major  pyrolysis  byproducts  from  compounds  (I)  and  (II)  were  methane  and 
hydrogen,  compared  to  compound  (III)  which  produced  only  hydrogen  as  the 
major  pyrolysis  byproduct.  The  minor  byproducts  from  compounds  (I),  (II), 
and  (III)  consisted  of  a  mixture  of  various  methyls! lanes  (H4_xSiMex;  x  =  1- 
4).  The  amount  of  methyl  substitution  on  the  methylsi lanes,  for  each 
precursor,  was  found  to  be  directly  realted  to,  and  limited  by,  the  number 
of  Sl-C  bonds  contained  in  the  molecular  structure  of  each  precursor.  For 
example,  compound  (III)  produced  only  methylsilanes  of  the  form  ( 
H2+xSiMe2_x;  x  ■  0  -  1),  whereas  compound  (I)  yielded  (HxSiMe4_x;  x  =  0  - 
3).  This  suggests  that  the  pyrolysis  byproducts  are  a  result  of  discrete 
mechanistic  decomposition  pathways  and  are  not  produced  from  random 
recombination  of  radical  species.  Furthermore,  methane  is  believed  to  be 
produced  primarily  from  the  methyl  substituents  and  not  from  the  -(CH2)- 
contained  in  the  ring,  which  is  supported  by  the  lack  of  methane  detected 
from  the  pyrolysis  of  compound  (III). 

The  identities  of  the  major  pyrolysis  byproducts  were  used  to  determine 
the  decomposition  onset  temperature  for  each  precursor.  This  was 
accomplished  by  monitoring  the  LPCVD  reactor  contents,  as  a  function  of  an 
increasing  substrate  temperature,  by  using  the  attached  QMS.  The  resulting 
plots  of  m/e  peak  Intensities  indicative  of  methane  (for  precursors  I  and 
II)  and  hydrogen  (for  precursor  III)  versus  the  Si(lOO)  surface  temperature 
were  used  to  determine  each  precursor  decomposition  onset  temperature.  The 

series  of  decomposition  onset  temperatures  (  I{760°C>;  II{740°C>;  and 
III{680°C>  )  were  determined  to  be  inversely  proportional  to  the  amount  of 
hydrogen  substitution  on  the  Si  contained  in  the  ring.  This  trend  is 

consistent  with  a  decomposition  scheme  described  by  Auner,  et  al.u  which  is 
based  on  the  availability  of  the  Si-H  moiety  within  the  four  membered  ring 
of  dlsilacyclobutane  derivatives.  Auner,  et  al.  describe  a  hydrogen  shift 
decomposition  mechanism  which  requires  hydrogen  to  be  present  on  the  Si 
contained  in  the  ring.  In  this  scheme,  hydrogen  transfer  from  the  "ring-Sl" 
to  an  adjacent  “rlng-C"  is  energetically  favorable,  in  part,  due  to  the 
release  of  the  ring  strain  energy. 

Film  Analysis: 

The  films  produced  from  each  of  the  three  precursors  were  routinely  analyzed 
by  using  SEM,  FTIR,  and  powder  XRD  and  selected  films  were  examined  at  the 
SI/SIC  interface  by  using  TEM.  SEM  was  used  to  examine  the  surface  and 
cross-sectional  morphology  of  the  films  deposited  at  different  substrate 


surface  temperatures,  which  ranged  from  ca.  700°C  to  1150°C.  The  surface 
and  cross-sectional  morphology  appeared  smooth  and  featureless  at  the  lower 
deposition  temperatures  and  became  columnar  In  appearance  at  higher 
temperatures.  The  onset  of  the  columnar  growth  occurred  at  a  different 
temperature  for  each  precursor,  which  in  each  case  corresponded  to  the 
maximum  deposition  rate  of  ca.  12.0  These  observations  are  consistent 
with  a  transition  from  a  kinetically  controlled  to  a  gas  phase  diffusion 

limited  deposition. 13 

Fourier  transform  IR  (FTIR)  was  used  in  both  the  specular  reflectance 
and  transmission  mode  to  analyze  for  IR  absorptions  in  the  1900  cm-1  -  2000 

cm"1  and  in  the  2900  cm'1  -  3200  cm"1  regions.  These  spectroscopic  regions 
correspond  to  Si-Hx  and  C-Hx,  respectively,  and  absorptions  in  these  regions 
would  indicate  incomplete  decomposition  of  the  precursor.  Since  no 
absorptions  were  detected  in  either  of  these  regions  then  the  concentration 
of  A-Hx  (A  =  Si  or  C)  is  less  than  the  detection  limit  for  FTIR  or  there  is 

complete  decomposition  of  the  precursor  on  the  substrate. 

The  film  deposited  from  compound  (I),  at  the  decomposition  onset 
temperature  (760°C),  was  examined  in  cross-section  at  the  Si/SiC  interface 
by  using  high  resolution  TEM.  The  total  thickness  of  the  film  is  ca.  90  nm, 
consisting  of  a  top  amorphous  layer  (  s  75.0  nm  )  and  a  polycrystalline 
0-S1C  layer  (determined  by  SAD)  located  at  the  Si/SiC  interface.  As  shown 
in  Figure  3,  the  silicon  substrate  contains  a  series  of  pits  which  are 
defined  by  the  Si (111)  planes.  These  pits  are  believed  to  have  formed  prior 
to  the  start  of  CVD,  during  an  initial  "bake-out"  of  the  vacuum  system  which 

includes  heating  the  substrate  to  ca.  800°C.  Evidence  for  pit  formation 
prior  to  the  start  of  CVD  is  given  in  Figure  3(c.),  which  shows  a  continuous 
coating  lining  the  inner  surface  of  the  pit.  A  TEM  lattice  image  of  the  pit 
area  revealed  that  this  portion  of  the  film  was  completely  amorphous. 


4.0  Conclusions 

Derivatives  of  1 ,3-disilacyclobutane  were  studied  as  potential  single¬ 
source,  low  temperature  ( < 10 00°C)  LPCVD  precursors  to  polycrystalline 
silicon  carbide  films  on  Si (100)  substrates.  These  compounds  are  non- 
pyrophorlc  and,  under  appropriate  CVD  conditions,  pyrolyze  to  stoichiometric 
silicon  carbide  films  in  an  argon  environment.  These  compounds  do  not 
require  the  use  of  a  co-reactant,  such  as  hydrogen,  as  most  other  sources  of 
CVD  SiC  commonly  employ  for  complete  removal  of  excess  carbon,  chlorine,  or 
similar  byproducts.  Each  precursor  had  a  maximum  deposition  rate  of  12 
fim/h,  which  was  consistent  with  a  mass  transport  limitation.  The 
correlation  of  the  decomposition  onset  temperature  for  each  compound  with 
initial  film  formation  suggests  that  reactive  film-forming  species  are 
produced  at  these  decomposition  onset  temperatures.  This  class  of  compounds 
show  good  potential  as  CVD  precursors  and  will  be  studied  further  as 
potential  CVD  sources  of  SiC  single  crystal  epitaxy  at  low  (<  1000°C) 
temperatures. 
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Figure  1:  A  schematic  of  the  LPCVD  system  with  an  attached  QMS;  1.)  Carrier 
gas  inlet,  2.  )  Mass  flow  controller,  3.  )  Stainless  bubbler  containing 
precursor,  4.)  Capacitance  manometer,  5.)  Sapphire  view  port,  6.)  Silicon 
substrates,  7.)  Series  of  3  cold  traps,  8.)  Sampling  leak  valve,  9.) 
Quadrupole  mass  spectrometer,  10. )  Mechanical  pump  used  to  maintain  the  gas 
sampling  flow,  11.)  to  the  main  L-N2  cooled  trap  and  pumping  system. 


Figure  2:  The  chemical  structure  of  the  three  disilacyclobutane  compounds 
used  as  precursors  for  the  production  of  silicon  carbide  thin  films:  a.  ) 

1 . 3- Dlmethyl-3-methylsilamethylene-l , 3-disilacyclobutane;  b.  )  1 ,3-Dimethyl- 

1 . 3- dlsllacyclobutane;  c. )  1 ,3-dlsilacyclobutane. 


Figure  3:  Cross-sectional  TEM  of  the  film  produced  from  the  decomposition  of 

compound  (I)  at  the  decomposition  onset  temperature  of  760°C.  This 
micrograph  reveals  the  a. )  amorphous  region,  b. )  polycrystalline  SIC  layer 
at  the  S1C/SK100)  interface,  and  c.  )  the  continuous  amorphous  layer  lining 
the  pit  that  formed  in  the  silicon  substrate. 
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